The density at which a crop is grown is known to affect its growth and quality, but little is known about how plant density affects the growth of native perennial forage grasses. The objectives were to investigate the effects of plant population density on the forage yield, forage quality, and plant canopy structure of two native bluestem species. Big bluestem (Andropogon gerardii Vitman) and sand bluestem (A. hallii Hack.) were established at six plant densities (1.2, 1.8, 2.7, 3.6, 5.4, and 10.8 plants m
) in a split plot experiment with whole plots in four randomized blocks. Plant density was the main plot and bluestem species was the split plot. Data were analyzed with a mixed model analysis of variance with blocks within year as random effects and year as a repeated measure. The optimum plant density for forage production was between 3.6 and 5.4 plants m
22
. However, the optimum for crude protein (CP) concentration occurred at 1.2 and 10.8 plants m 22 and followed a quadratic response as plant density increased. The greatest leaf area index (LAI; leaf area per square meter) was at 10.8 plants m
. At 10.8 plants m
, the average yield loss from maximum was about 8.5% dry matter (DM). Also, the CP concentration was 8.5% greater for plants grown at 10.8 plants m 22 than for those grown at 3.6 to 5.4 plants m
. A plant density of 10.8 plants m 22 would produce high quality forage with only slight reductions in DM yield as compared with plants grown at 3.6 to 5.4 plants m
.
A
GREAT DEAL is known about the effects of plant population density on the yield of horticultural and field crops (Boquet, 1990; Brown et al., 1970; Cuomo et al., 1998; Cusicanqui and Lauer, 1999; Lauer, 1995; Lege et al., 1993; Robinson and Nel, 1989; Wade and Douglas, 1990; Wade et al., 1988; Weerasinghe and Fordham, 1994; Widders and Price, 1989; Wilson and Dixon, 1988) . However, plant density effects on native forage species is less well defined (Bolger and Meyer, 1983; Cooksley and Goward, 1988; Graybill et al., 1991; Jefferson and Kielly, 1998; Pinter et al., 1994; Sanderson and Reed, 2000; Springer et al., 2003) . For field crops such as corn (Zea mays L.), sorghum (Sorghum spp.), and soybean [Glycine max (L.) Merr.], grain yield can be maximized by adjusting the seeding rates to match the moisture conditions of the environment, that is, densely populated stands utilize moisture and nutrients more quickly than sparsely populated stands (Jones and Johnson, 1991; Sanderson et al., 1996) .
Plant morphology can affect plant density. Skalova and Krahulec (1992) found that tiller numbers of Festuca rubra L. decreased as plant density increased. Similarly, Hiernaux et al. (1994) found that the main purpose of tillering was to compensate for low plant density that resulted from drought or intense grazing. Information on the effects of plant density on forage quality and feed value is limited to tropical forage corn or forage sorghums (Cuomo et al., 1998; Cusicanqui and Lauer, 1999; Pinter et al., 1994; Sanderson et al., 1996) . These studies found little or no response of forage quality or feed value to plant population density. Understanding plant growth and development and forage quality of native warm-season grasses as they relate to the population density at which these grasses are grown will allow producers to improve the management and utilization of these forages. Our objectives were to investigate the effects of different plant population densities of two native bluestem (Andropogon spp.) species on forage yield, forage quality, and plant canopy structure.
MATERIALS AND METHODS
This study was conducted at the USDA-ARS, Southern Plains Range Research Station, Woodward, OK (368259 N, 998249 W, elevation 586 m) on an Eda loamy fine sand (mixed, thermic Lamellic Ustipsamment). In May 2000, two native bluestem species, big bluestem cv. Kaw and sand bluestem cv. Chet were transplanted at six plant population densities in a split plot experiment with whole plots in four randomized blocks. Plant density was the main plot and bluestem species was the split plot. Variable plot sizes were used to obtain the desired plant population densities. The treatments consisted of six population densities representing 1.2, 1.8, 2.7, 3.6, 5.4, and 10.8 plants m
22
. The actual plot dimensions, plant spacing within plot, number of plants per plot, harvested area, and number of plants harvested per plot are given in Table 1 . During the establishment year, plots were maintained weedfree by hoeing, and dead plants were replaced to maintain the correct population densities. In subsequent years (2001) (2002) (2003) , plots were burned in March and atrazine [2-chloro-4-ethylamino-6-isopropylamino-s-triazine] was applied 7 to 14 d later for weed control at 1.68 kg a.i. ha 21 . Nitrogen was applied in the form of urea (46-0-0) at 70 kg N ha 21 in April each year of the study.
Plant canopy height was measured before harvest each year by placing a meter stick near the center of each plot through the forage to the soil surface and reading the meter stick directly. Ten culms were randomly chosen from each plot and the number of leaves was counted for each culm and the leaf area for each culm was determined by passing its leaves through a LI-COR LI-3100C area meter (LI-COR Biosciences, Lincoln, NE). After forage harvest, the number of culms per plant was counted for five plants per plot. Culm density was calculated by multiplying the average number of culms per plant times the plant density per square meter. (Table 1) was harvested by clipping a 1.2-m swath from the center of each plot. The distance harvested varied with plant population density. The harvested forage was weighed fresh and a 250-to 300-g subsample was collected for dry matter determination. Forage subsamples were oven-dried at 608C until dry (approximately 72-96 h). The DM yield of each plot was calculated by multiplying the percentage DM of the oven-dried subsample by the harvested green weight of the plot and converted to megagrams per hectare. Crude protein was determined using the Micro-Kjeldahl procedure (AOAC, 1997) and in vitro dry matter digestibility (IVDMD) was determined using the procedures of Tilley and Terry (1963) as modified by White et al. (1981) .
Data for forage DM yield, CP concentration, IVDMD, canopy height, culm density, leaf density, and LAI were analyzed as a mixed model analysis of variance with blocks within year as random effects and year as a repeated measure (Littell et al., 1996; SAS Institute, Inc., 1999) . Fixed effects were species and plant density and species 3 plant density interaction. The variable plant density was also partitioned into linear and quadratic effects using orthogonal polynomials (SAS Institute, Inc., 1999).
RESULTS
The April through July rainfall was 86 mm above the long-term average ( (Table 2) .
Plant population density and species affected the forage DM yield of native bluestems (P , 0.01). As the plant density increased the DM yield responded somewhat quadratically (quadratic effects, P , 0.01; Fig. 1 ) and no interaction occurred between species and plant density (P 5 0.69). Forage DM yield peaked between 3.6 and 5. . The large standard error around each mean is due to the differences between the two species.
Plant density did not effect the CP concentration of bluestem forage (P 5 0.15); however, there was a quadratic response for plant density (quadratic effect, P , 0.01; Fig. 2) , and there was an effect due to species (P , 0.01), but no interaction was found between plant density and species (P 5 0.21). The average CP concentration of Chet sand bluestem was 56 6 2 g kg 21 compared with 65 6 2 g kg 21 for Kaw big bluestem. Similarly, the large standard error around each mean is due to the differences between the two species.
Plant density did not affect IVDMD (P 5 0.60), but species differed in IVDMD concentrations (P , 0.01). The IVDMD for Chet sand bluestem averaged 511 6 16 g kg 21 compared with 566 6 16 g kg 21 for Kaw big bluestem. The species 3 plant density interaction for IVDMD was not significant (P 5 0.73), and linear and quadratic effects were lacking (P . 0.45). Plant canopy height at harvest was not affected by plant density (P 5 0.17); however, as plant density increased the canopy height decreased linearly (linear effect, P , 0.02; Fig. 3 ). Canopy height was affected by species (P , 0.01), but there was no interaction between plant density and species (P 5 0.16). The canopy height of Kaw big bluestem averaged 57 6 6 cm compared with 91 6 6 cm for Chet sand bluestem. The large standard error around each mean is due to the differences between the two species.
The culm density was affected only by plant density (P , 0.01). As the plant density increased the culm density increased linearly (linear effect, P , 0.01; Fig. 4) . The culm density ranged from 131 6 77 culms for 1.2 plant m 22 to 578 6 77 culms for 10.8 plant m 22 . The large standard error around each mean is due to the differences between the two species.
There was a plant density 3 species interaction for leaf density (P , 0.08). With increasing plant density, the leaf density for each species increased linearly (linear effect, P , 0.01; Fig. 5 ). Chet sand bluestem had a significantly greater leaf density at 10.8 plants m 22 and had a greater rate of increase as compared with Kaw big bluestem.
Leaf area index was affected by a plant density 3 species interaction (P , 0.09; Fig. 6 ). As plant density increased the LAI for each species increased curvilinearly (linear and quadratic effects, P , 0.01. The average LAI for Kaw big bluestem was 16 6 3.5 compared with 19 6 3.5 for Chet sand bluestem. Similar to leaf density, the LAI of Chet sand bluestem was significantly greater at the 10.8 plants m 22 density.
DISCUSSION
The forage DM yield of big bluestem and sand bluestem peaked between 3.6 and 5.4 plants m 22 . In comparison, the DM yield of irrigated eastern gamagrass [Tripsacum dactyloides (L.) L.] peaked at 4.8 plants m 22 (Springer et al., 2003) and falls within the range found for these two species, but was lower than the 10.0 plants m 22 reported for forage corn (Cusicanqui and Lauer, 1999 ) and the 22.2 plants m 22 reported for irrigated forage sorghum (Sanderson et al., 1996) .
The similarity of optimum plant densities for big and sand bluestem was surprising, given their differences in growth habit and forage production. Big bluestem has a bunch-type habit in the Southern Plains and tends to grow on heavier, clay soils. Sand bluestem, on the other hand, has a sod-forming habit and tends to grow on lighter, sandier soils. Sand bluestem produced more above-ground biomass than big bluestem on sandy soils in the Southern Plains (Springer, unpublished data, 2005) .
The CP concentration responded quadratically as plant density increased. This is contrary to reports by Cusicanqui and Lauer (1999) and Widdicombe and Thelen (2002) with forage corn. They found negative linear responses for CP concentration as plant density increased. The quadratic response is likely due to two simultaneous events. The first is a dilution effect of the N content as the DM yield increases to its maximum and the second is due to leaf/stem ratio. Leaf density increased as plant density increased. Furthermore, canopy height decreased as plant density increased, indicating less stem and a higher leaf/stem ratio. It is well known that leaf blades have higher CP concentrations compared with the leaf sheaths or internode stems (Kalmbacher, 1983) .
Leaf/stem ratio may partially explain the difference in IVDMD for big bluestem and sand bluestem. Sand bluestem was 60% taller than big bluestem at harvest. Sand bluestem, however, had only 30% greater leaf area per square meter than big bluestem. Thus, big bluestem has a higher leaf/stem ratio as compared with sand bluestem. The other factors that influence nutritive value of forages, that is, temperature, water deficits, solar radiation, and nutrient availability, were the same for all plant densities, which may explain the lack of differences among plant densities.
The linear decline in canopy height is indicative of density-related stress among plants of the same species, in that plants compensate their growth on the basis of at six plant densities. Data points were slightly offset to eliminate hidden information and lines were added to plot to aid in data interpretation. Each data point is the mean 6 SE of 12 experimental units averaged across years. their population density (Harper, 1977, p. 152) . Plants at higher densities will generally be shorter and have less biomass compared with plants at lower densities. One would expect to find an increase in culm density as plant density increased. In this experiment, as the plant density increased by 1 plant m 22 , culm density increased 46 culms m
22
, but culms per plant decreased by five. Hiernaux et al. (1994) reported the main purpose of tillering by annual grasses in the Sahel was to compensate for low plant density. This also seems to be the case for Andropogon species. Plants at low densities are not limited by resources necessary for growth to the same extent as plants at higher densities. The growth of plants at high densities will eventually come to an equilibrium when a growth factor becomes limiting.
There was no difference in leaf density for big and sand bluestem at low plant densities, but differences occurred at high plant densities. Given the fact that the culm density was not different for the two species, the differences seen between the two species for number of leaves per square meter was due to the number of leaves per culm. Sand bluestem had 0.7 more leaves per culm than did big bluestem at 1.2 plant m
. Sand bluestem had 1.4 more leaves per culm than did big bluestem at 10.8 plants m 22 . This difference in the number of leaves per culm accounts for the species 3 density interaction found for this variable.
The effects of plant density on LAI followed much the same pattern as leaf density. Leaf area increased as plant density increased, but at low plant densities there was not any difference between big bluestem and sand bluestem. Only at 10.8 plants m 22 was there a significant difference between big bluestem and sand bluestem. Retta et al. (2000) reported a positive linear relationship between leaf mass and leaf area for several native grasses including big bluestem. Thus, in our experiment, more leaf area would translate into more leaf mass.
CONCLUSIONS
On the basis of DM forage yield, the optimum plant population density ranged between 3.6 and 5.4 plants m 22 . This, however, may not be the optimum if other parameters are considered. A plant density of 10.8 plants m 22 would yield more leaf mass on the basis of the LAI. Forage CP concentration was lowest for plants growing at 3.6 to 5.4 plant m
22
, but was highest for plants growing at either the 1.2 or 10.8 plants m
. The forage yield loss of growing plants at 10.8 plants m 22 versus that of 3.6 to 5.4 plants m 22 ranged from about 6% for sand bluestem to about 20% for big bluestem. Conversely, there was about an 8.5% increase in CP concentration for plants grown at 10.8 plants m 22 . Thus, for optimum forage value and highest forage quality a plant density of 10.8 plants m
22 (a plant spaced every 900 cm 2 ) would be best.
